Connectivity of Natura 2000 forest sites in Europe by Estreguil, Christine et al.
Connectivity of Natura 2000 forest sites
in Europe
Christine Estreguil 1,*,Giovanni Caudullo 1, andDaniele de Rigo 1,2
1 European Commission, Joint Research Centre, Institute for Environment and Sustainability ,
Via E. Fermi 2749, I-21027 Ispra (VA), Italy
2 Politecnico di Milano, Dipartimento di Elettronica, Informazione e Bioingegneria,
Via Ponzio 34/5, I-20133 Milano, Italy
Background/Purpose: In the context of the European Biodiversity policy, the Green Infrastruc-
ture Strategy is one supporting tool to mitigate fragmentation, inter-alia to increase the spatial
and functional connectivity between protected and unprotected areas. The Joint Research Cen-
tre has developed an integrated model to provide a macro-scale set of indices to evaluate the
connectivity of the Natura 2000 network, which forms the backbone of a Green Infrastructure
for Europe. The model allows a wide assessment and comparison to be performed across coun-
tries in terms of structural (spatially connected or isolated sites) and functional connectivity
(least-cost distances between sites influenced by distribution, distance and land cover).
Main conclusion: The Natura 2000 network in Europe shows differences among countries in
terms of the sizes and numbers of sites, their distribution as well as distances between sites.
Connectivity has been assessed on the basis of a 500 m average inter-site distance, roads and
intensive land use as barrier effects as well as the presence of "green" corridors. In all countries
the Natura 2000 network is mostly made of sites which are not physically connected. Highest
functional connectivity values are found for Spain, Slovakia, Romania and Bulgaria. The more
natural landscape in Sweden and Finland does not result in high inter-site network connectivity
due to large inter-site distances. The distribution of subnets with respect to roads explains the
higher share of isolated subnets in Portugal than in Belgium.
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THE Europe’s Green Infrastructure Strat-egy is a holistic policy initiative inte-
grating nature, biodiversity and sustainable
development [2]; it is one supporting tool to
implement the European Biodiversity Strat-
egy and achieve 2020 targets [8]. One of its
aims is to mitigate fragmentation and ren-
der protection more effective. One condi-
tion to achieve this is to increase the spatial
and functional connectivity between natu-
ral and semi-natural protected and unpro-
tected areas.
Protected areas such as Natura 2000
(N2K) [6] sites form the backbone of a Green
Infrastructure for Europe [4, 9]. Besides
their size and quality, their connectivity con-
tributes to the movement and dispersal of
animals and plants.
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Figure 1: Illustration of the site rasterization method: five N2K sites (left) resulting three subnets (right,
from [12]).
The unprotected landscape plays a role
in enhancing or reducing the conservation
and resilience of protected habitats; for ex-
ample, grey infrastructure (artificial lands
and roads) and intensive land use often
pose the biggest threats or disturbances for
biodiversity conservation. There is a need
for conservation tools accounting for con-
nectivity in tandem with landscape plan-
ning [16].
Connectivity measures should not nec-
essarily be to link individual habitat patches
with physical structures (such as corridors
of similar habitat), but to ensure the ex-
istence of required functional connections
between protected sites (e.g. inter-site dis-
tances or/and landscape permeability) and
identify potentially isolated sites.
The Joint Research Centre has developed
an integrated spatially explicit model to pro-
vide a macro-scale European vision of the
connectivity of N2K sites on [12, 13]:
• Site network pattern in terms of size and
number.
• Intra-site network structural connectiv-
ity with morphological criteria: complex,
simple subnets.
• Inter-site network functional connectivity
from the perspective of influencing factors
related to site distribution, grey infrastruc-
ture and inter-site distance: connectivity
indices, isolated sites.
Pattern of Natura 2000 site network
The network of Natura 2000 sites desig-
nated under the "Habitat" [6] and "Birds"
Directives [7] covers circa 18% of the Eu-
ropean Union (728,744 km2); 80% of the
sites include forest. All N2K polygons [5]
representing the extracted site areas have
been converted to a raster layer in order to
generate sub-network (subnet) components
which were formed by one or more Natura
2000 sites in cases of overlap (sites physically
connected) (Figure 1).
There are differences among countries in
terms of the sizes and numbers of sites, their
distribution as well as distances between
sites (Figure 2). In the small frames of Fig-
ure 2, Ireland (frame 1) has a well-connected
network; Portugal (frame 2) has large and
isolated subnets; Spain (frame 3) has large
and connected sites; Germany (frame 4) has
small and densely distributed sites; Sweden
(frame 5) has mainly small and distant sub-
nets; Bulgaria (frame 6) has large subnets.
2
Estreguil C., Caudullo G., de Rigo D., 2014. Connectivity of Natura 2000 forest sites in Europe.
Fi
gu
re
2:
N
at
u
ra
20
00
fo
re
st
si
te
n
et
w
o
rk
w
it
h
si
x
zo
o
m
fr
am
es
sh
ow
in
g
n
et
w
o
rk
d
if
fe
re
n
ce
s.
3
Estreguil C., Caudullo G., de Rigo D., 2014. Connectivity of Natura 2000 forest sites in Europe.
LA
N
D
tC
O
VE
R
tS
H
AR
ES
SI
TE
N
ET
W
O
R
Kt
PA
TT
ER
N
IN
TE
R
(S
IT
Et
N
ET
W
O
R
Kt
FU
N
C
TI
O
N
AL
tC
O
N
N
EC
TI
VI
TY
C
O
N
E
FO
R
IN
TR
A(
SI
TE
tN
ET
W
O
R
Kt
ST
R
U
C
TU
R
AL
tC
O
N
N
EC
TI
VI
TY
N
2K
hc
ov
er
ag
e
N
um
be
rho
fhN
2K
hs
ite
s
N
um
be
rho
fhs
ub
ne
ts
Su
bn
et
hs
iz
eh
Cm
ax
,hm
ed
ia
nL
G
U
ID
O
St
M
SP
A
Sh
ar
et
of
1
A
rt
ifi
ci
al
A
gr
ic
ul
tu
re
N
at
ur
al
Si
m
pl
ifi
ed
hla
nd
hu
se
hm
ap
Py
th
on
tp
ro
ce
ss
in
g
Py
th
on
tp
ro
ce
ss
in
g
w
ith
tE
SR
Its
pa
tia
ltl
ib
ra
rie
s
R
ec
la
ss
ify
M
er
ge
R
ec
la
ss
ify
Ex
tra
ct
Si
te
st
w
ith
tfo
ca
lth
ab
ita
t
R
as
te
riz
e
R
ec
la
ss
ify
(tS
im
pl
et
ln
od
es
b
(tC
om
pl
ex
tll
in
ks
mtn
od
es
b
C
on
ne
ct
iv
ity
tin
di
ce
s1
co
re
mte
dg
em
tb
rid
ge
lo
op
mtb
ra
nc
hm
tis
le
t
In
te
r-
su
bn
et
le
as
t-c
os
thp
at
h
TX
Tt
fil
es
fri
ct
io
nt
va
lu
es
tll
og
ts
ca
le
b
fo
rte
ac
ht
la
nd
tu
se
Sh
ar
eh
of
hro
ad
hn
et
w
or
k
Fr
ic
tio
nh
m
ap
St
ru
ct
ur
al
hs
ub
ne
thm
ap
N
2K
hS
ub
ne
thm
ap
In
pu
ttd
at
a
In
te
rm
ed
ia
te
ts
te
p
D
er
iv
ed
tin
di
ce
s
D
er
iv
ed
tm
ap
Sp
ec
ia
liz
ed
ts
of
tw
ar
e
In
de
xt
fa
m
ily
C
LC
O
SM
M
ai
nh
ro
ad
hn
et
w
or
k
Ex
tra
ct
R
as
te
riz
e
Fu
nc
tio
na
lhc
on
ne
ct
iv
ity
N
vK
hi
gh
w
ay
sm
ttr
un
ks
mtp
rim
ar
y
ro
ad
st
w
ith
ou
ttb
rid
ge
s)
tu
nn
el
s
Xt
cl
as
se
s1
ta
rti
fic
ia
lm
pin
te
ns
iv
ep
ta
gr
ic
ul
tu
re
m
na
tu
ra
l)s
em
i(n
at
ur
al
La
nd
tu
se
)c
ov
er
ts
ha
re
s1
Su
bn
et
ts
ta
tis
tic
s1
M
SP
A
hm
ap
si
te
ta
re
at
w
ei
gh
et
dt
co
nn
ec
tiv
ity
un
w
ei
gh
te
dt
co
nn
ec
tiv
ity
Sh
ar
et
in
is
ol
at
ed
hs
ub
ne
ts
R
PC
R
A
PC
La
nd
sc
ap
eh
m
at
rix
Si
m
pl
eh
su
bn
et
s
C
om
pl
ex
hs
ub
ne
ts
l>
,t
no
de
b
l,
tn
od
eb
11c
at
eg
or
ic
al
11
11p
ro
po
rti
on
11
11b
in
ar
y1
1
11n
on
ne
ga
tiv
e1
1
Fi
gu
re
3:
T
h
e
d
at
a
in
p
u
t
an
d
in
fo
rm
at
io
n
fl
ow
to
co
m
p
u
te
th
e
an
al
ys
is
o
n
N
at
u
ra
20
00
n
et
w
o
rk
co
n
n
ec
ti
vi
ty
.
T
h
e
in
te
rm
ed
ia
te
st
ep
s
ge
n
er
at
e
::c
at
eg
o
ri
ca
l:
:
ra
st
er
::m
at
ri
x:
:
la
ye
rs
fr
o
m
th
e
in
p
u
t
d
at
a.
T
h
e
ca
te
go
ri
ca
lv
ar
ia
b
le
s
ar
e
th
en
tr
an
sf
o
rm
ed
in
to
::n
o
n
n
eg
at
iv
e:
:
fr
ic
ti
o
n
m
ap
s
an
d
fu
n
ct
io
n
al
d
is
ta
n
ce
(c
o
st
)
es
ti
m
at
es
,f
ro
m
w
h
ic
h
le
as
t-
co
st
p
at
h
s
ar
e
co
m
p
u
te
d
.
M
o
st
d
er
iv
ed
in
d
ic
es
ar
e
d
im
en
si
o
n
le
ss
::p
ro
p
o
rt
io
n
::
va
lu
es
in
[0
,1
]
w
it
h
th
e
ex
ce
p
ti
o
n
o
ft
h
e
::n
o
n
n
eg
at
iv
e:
:
in
d
ic
es
su
m
m
ar
is
in
g
th
e
n
u
m
b
er
o
f
N
2K
si
te
s
an
d
o
f
su
b
n
et
s,
an
d
th
ei
r
si
ze
.
T
h
e
n
o
ta
ti
o
n
in
th
e
w
o
rk
fl
ow
fo
llo
w
s
th
e
Se
m
an
ti
c
A
rr
ay
P
ro
gr
am
m
in
g
p
ar
ad
ig
m
as
ap
p
li
ed
in
[1
1,
13
]
w
h
er
e
th
e
ar
ra
y-
b
as
ed
se
m
an
ti
cs
is
b
as
ed
o
n
[3
].
D
et
ai
ls
o
n
th
e
le
ss
o
bv
io
u
s
d
at
a-
tr
an
sf
o
rm
at
io
n
m
o
d
u
le
s
m
ay
b
e
fo
u
n
d
in
[1
4]
.
4
Estreguil C., Caudullo G., de Rigo D., 2014. Connectivity of Natura 2000 forest sites in Europe.
Figure 4: Structural connectivity morphological analysis of subnets based on GUIDOS software (left), re-
classification into simple/complex subnets (right, from [12]).
Spatially-explicit model of
connectivity of protected areas
The model is based on two available soft-
ware packages (free-download GUIDOS [18]
and free software Conefor [17]) integrated
with GIS Python programming tools for au-
tomated processing [19] (Figure 3). The
approach is harmonized and applies both
structural and functional criteria. It rep-
resents a compromise between biological
species models and commonly used con-
nectedness measures.
Intra-site network structural
connectivity
The spatial configuration of the sites is char-
acterized in terms of simple subnets, made
of one node, and of complex subnets, made
of several interconnected nodes and links
(Figure 4). For each country two structural
connectivity indices are proposed:
• Share of Complex subnets.
• Share of Simple subnets.
Inter-site network functional
connectivity
The model is based on a probabilistic power
weighted dispersal function [13]. As a proxy
of landscape resistance to species dispersal
and to identify "green" corridors, a new Eu-
ropean land use based friction map was cre-
ated from the Corine Land Cover map of year
2006 at 100 m spatial resolution [10] and the
OpenStreetMap layer [1, 15].
Figure 5: Illustration of functional connectivity and
parameters: ai and a j refer to subnet areas, pi , j is
the probability of connectivity, AL the area of the land-
scape unit.
The probability of connectivity (pi j ) is mea-
sured as a function of the landscape resis-
tance (costi j ) between subnets (ai , a j ). It ap-
plies 50% probability of connectivity at 500
m average inter-subnets distance (dist50%).
It also accounts for the presence of "green"
corridors in-between subnets (Figure 5).
k = ln(0.5)
di st50%
pi , j = e k ·costi , j
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Figure 6: Functional connectivity illustrated for two subnets; the tunnel along the main road (left) is accounted
for identifying the least-cost (from [12]).
Country  
name 
Site network pattern 
Intra-site 
structural 
connectivity 
Land cover shares 
Inter-site functional 
connectivity 
Natura 
2000  
coverage  
Number 
sites 
Number 
subnets 
Subnet size (km2) Simple  
subnet 
Complex 
subnet 
Urban Agricult. Natural Road RPC RAPC Isolated 
Median Max 
AUSTRIA 15.8% 203 297 1.4 2813 80.4% 19.6% 6.7% 22.3% 71.0% 2.2% 5.8% 17.5% 7.4% 
BELGIUM 13.6% 397 1036 0.9 385 76.8% 23.2% 24.5% 43.3% 32.2% 3.7% 5.3% 23.3% 4.2% 
BULGARIA 35.1% 273 131 12.6 10656 60.4% 39.6% 7.3% 50.9% 41.8% 0.7% 16.9% 21.3% 7.6% 
CYPRUS 12.4% 35 44 1.1 635 75.0% 25.0% 11.1% 47.3% 41.6% 1.9% 9.6% 42.6% 6.8% 
CZECH REP. 15.0% 782 665 0.8 2196 84.5% 15.5% 8.1% 44.6% 47.3% 1.4% 4.5% 10.6% 3.2% 
GERMANY 16.0% 4287 6931 0.8 4398 82.9% 17.1% 11.3% 47.7% 41.0% 2.4% 3.8% 12.1% 1.7% 
DENMARK 7.2% 185 178 5.1 223 76.9% 23.1% 9.2% 67.7% 23.1% 1.3% 1.2% 9.9% 36.5% 
ESTONIA 18.9% 506 699 1.3 729 90.9% 9.1% 3.1% 23.0% 73.9% 0.6% 4.9% 17.2% 5.0% 
SPAIN 26.3% 1100 849 5 25191 77.8% 22.2% 3.9% 47.3% 48.7% 1.8% 10.9% 13.9% 7.5% 
FINLAND 12.9% 1524 2952 0.7 7557 93.1% 6.9% 2.4% 6.2% 91.4% 0.7% 5.0% 4.5% 9.5% 
FRANCE 13.2% 1401 3965 0.5 5412 87.2% 12.8% 6.9% 43.9% 49.2% 1.8% 3.5% 9.3% 2.8% 
GREECE 25.0% 258 227 30.9 2930 90.3% 9.7% 3.7% 33.5% 62.7% 1.3% 5.3% 9.1% 41.9% 
HUNGARY 20.1% 377 611 2.5 2632 80.4% 19.6% 8.3% 67.2% 24.5% 1.5% 6.0% 12.9% 2.8% 
IRELAND 13.0% 217 284 0.8 2624 80.6% 19.4% 3.4% 10.7% 85.9% 1.4% 8.7% 38.5% 2.8% 
ITALY 17.2% 1873 1230 5.1 2238 87.1% 12.9% 5.5% 36.1% 58.4% 2.0% 3.0% 8.3% 12.6% 
LITHUANIA 13.0% 417 312 2.1 948 83.4% 16.6% 5.0% 51.8% 43.3% 1.7% 3.4% 11.5% 3.5% 
LUXEMBOURG 22.1% 57 79 0.5 88 76.0% 24.0% 14.2% 33.7% 52.1% 6.6% 11.5% 43.7% 0.0% 
LATVIA 12.0% 302 296 2.7 936 94.9% 5.1% 2.8% 25.5% 71.7% 1.7% 2.9% 11.6% 5.4% 
MALTA 12.2% 9 9 0.9 30 88.9% 11.1% 35.8% 4.0% 60.1% 6.7% 9.7% 57.9% 11.1% 
NETHERLANDS 8.5% 144 184 3.1 1012 80.4% 19.6% 17.1% 36.8% 46.0% 3.6% 3.5% 14.3% 13.0% 
POLAND 20.5% 846 854 2.6 9729 84.7% 15.3% 5.5% 56.9% 37.6% 1.0% 7.1% 11.8% 4.4% 
PORTUGAL 17.1% 61 69 4.9 1842 85.5% 14.5% 6.2% 33.1% 60.7% 2.9% 4.9% 29.9% 18.8% 
ROMANIA 22.6% 404 371 6.5 18649 77.9% 22.1% 8.4% 49.6% 42.0% 1.2% 11.3% 14.7% 7.8% 
SWEDEN 10.9% 2919 3088 0.6 15908 93.8% 6.2% 2.3% 8.3% 89.5% 0.6% 5.7% 4.0% 6.3% 
SLOVAKIA 30.1% 361 207 1.2 6837 90.4% 9.6% 8.4% 44.9% 46.7% 1.5% 15.5% 20.1% 6.3% 
UN. KINDOM 5.7% 464 1090 0.9 2704 82.7% 17.3% 10.2% 28.0% 61.8% 2.7% 1.4% 9.4% 6.4% 
Table 1: Country based table of indices highlighting their highest value (orange) and their lowest (purple).
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For each country three functional connec-
tivity indices are applied to the subnets1:
• Site area weighted Root Probability of Con-
nectivity (RPC) which is sensitive to the
size of subnets.
RPC =
√√√√√√√
n∑
i=1
n∑
j=1
ai ·a j ·pi j
A2L
• Root un-weighted Average Probability of
Connectivity (RAPC) which is sensitive to
the unprotected landscape resistance and
functional distances between subnets.
RAPC =
√√√√√√
n∑
i=1
n∑
j=1
pi j
n2
• Share of functionally Isolated subnets in
the Natura 2000 network.
Country based results on the
Natura 2000 network connectivity
In all countries, the N2K network is mostly
made of simple subnets. Share of complex
subnets ("physically connected" sites) range
from 40% in Bulgaria to 5% in Latvia.
Large numbers of subnets and similar
small median sizes are found in Germany
and France, their inter-site connectivity with
emphasis on the sites’ sizes is rather low
(RPC approx. 3%) but higher when the inter-
site distances and landscape are at focus
(RAPC approx. 10%).
Highest RPC are found for Spain, Slo-
vakia, Romania and Bulgaria. The more nat-
ural landscape in Sweden and Finland does
not result in high inter-site network connec-
tivity due to large inter-site distances. The
distribution of subnets with respect to roads
explains the higher share of isolated subnets
in Portugal than in Belgium.
Figure 7: European map of the root un-weighted average probability of connectivity (RAPC) and the share of
N2K subnets functionally isolated.
1RPC and RAPC are special cases of the general family of indices Power Weighted Probability of Dispersal
(PWPD) [13]. They also belong to its simplified formulation s-PWPD [11] as instances in which the s-PWPD
parameters {α,β,γ1,γ2} are respectively {0,1/2,1,1} for RPC and {0,1/2,0,0} for RAPC.
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Figure 8: National profile of site area weighted root probability of connectivity (RPC). The chart includes
the N2K cover percentage per country and a proxy of the gap in connectivity computed as their difference
(from [12]).
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